In this paper, the calibration factor of the superconducting gravimeter 057 (SG057) at the Lhasa station is accurately determined for the first time with a frequency-domain approach and the data recorded by the LaCoste Romberg Earth Tides No. 20 (LCR-ET20) gravimeter which is installed nearby SG057. The advantage of the frequency-domain approach is that it eliminates the influence of different gravimeter drifts on the determination of the calibration factor. The determined calibration factor of SG057 is (-77.7358 ± 0.0409) × 10 -8 m s -2 V -1 , and the relative accuracy is about 0.5‰. The newly determined calibration factor has been calculated with the Wuhan international tidal gravity reference values (ITGRVs) based on the data recorded by LCR-ET20 at the Wuhan station before it was installed at the Lhasa station. A high-precision synthesized gravity tide is achieved at the Lhasa station with accurate tidal parameters and theoretical tidal parameters for the long tidal waves from the Dehant-Defraigne-Wahr (DDW) earth tide model. The synthesized gravity tide can be used for tidal gravity corrections of future gravity measurements in the Tibetan area. The linear gravimeter drift of SG057 is estimated by gravity records without the effects of land uplift, atmosphere and polar motion yielding a rate of 6.8 × 10 -8 m s -2 yr -1 .
IntroDuCtIon
Tibet is an active tectonic area of the earth. Its uplift is a scientific hotspot in the study of geosciences (Lu et al. 2004; Zhou et al. 2007; Yi et al. 2008; Xing et al. 2011) . Several types of observations, such as the Global Positioning System (GPS), seismology, gravity, leveling, have been applied in this area for scientific studies. However, there is no long, precise and continuous tidal gravity observations until the superconducting gravimeter 057 (SG057) was installed in November, 2009 at the Lhasa station. Continuous gravity observations from SG057 are expected to show detailed behavior in the gravity changes caused by the uplift of the Tibetan Plateau and other factors (Hinderer and Crossley 2004; Crossley et al. 2005; Kroner and Weise 2011) .
Before data recorded by a SG can be used for gravity analysis, the data must be calibrated with its calibration factor. In a typical case, an apriori calibration factor is given by the manufacturer of a SG. For SG057, it is -79.5 × 10 -8 m s -2 V -1 . However, the given apriori calibration factor may be altered over time. Our earlier data investigation shows that the apriori calibration factor of SG057 is about 2% larger by comparing the observed tidal parameters from SG057 with those from the LaCoste Romberg Earth Tide No. 20 (LCR-ET20) gravimeter installed in an adjacent observing room. Therefore, the calibration factor of SG057 at Lhasa must be re-determined before use.
Under the hypothesis that tidal gravity variations recorded by different gravimeters are the same if these gravimeters are not far away distant from each other, the calibration factor of a gravimeter can be calculated by comparing its observation with the data recorded by the gravimeter with a known calibration factor. In most cases, the calibration factor of a SG is determined using a linear regression with the data recorded in parallel by an absolute gravimeter (Hinderer et al. 1991; Francis 1997; Sun et al. 2001; Meurers 2002; Riccardi et al. 2012) . We also collected observations by the absolute gravimeter FG5-214 in October 2010 simultaneously with the SG057. However, the calibration for the SG057 using FG5-214 data was unsuccessful because of the poor data quality of the FG5-214 in that campaign. Because of this, in this paper, we attempt to use the data observed with the LCR-ET20 to determine the calibration factor of the SG057. LCR-ET20 was installed in November 2009, which is near the time of installing SG057. These two gravimeters are separated by a few meters. Because there are different gravimeter drifts for the LCR-ET20 and SG057, calibrating the calibration factor of SG057 by LCR-ET20 in the frequency domain is preferred over the time domain (Meurers 2012 ). In the following sections, we will explain the frequency-domain calibration.
In addition to the calibration factor, the observation accuracy and the gravimeter drift of the SG057 can also be estimated. For a tidal gravimeter, the standard deviation from the harmonic analysis is considered as the observation accuracy. The gravimeter drift of an SG can be either exponential or linear. The exponential gravimeter drift primarily appears at the beginning of the installation. After at least one or several weeks, the gravimeter drift may gradually become linear. If the exponential drift does not occur at the beginning of the installation, the gravimeter drift could be assumed to be linear for the SG (Van Camp and Francis 2007) .
In this paper, the frequency-domain approach is derived first. Then, the harmonic analysis results of LCR-ET20 and SG057 with the apriori calibration factors are presented. Based on the Wuhan international tidal gravity reference values (ITGRVs) (Xu et al. 2000) and the harmonic analysis results, the calibration factors of the LCR-ET20 and SG057 are calculated. Using the newly determined calibration factor of the SG057, high-precision tidal parameters are then computed. After the synthesized gravity tide and gravity residual are calculated, the gravimeter drift of SG057 is estimated.
the FrequenCy-DomAIn ApproACh oF CALIbrAtIon
The frequency-domain approach of calibration in this paper is based on amplitude factors and their accuracies of the main tidal waves that are determined from the harmonic analysis. By the harmonic analysis, the signals observed by a gravimeter in time domain can be expressed by the amplitude factors and phase shifts in the frequency domain. Because the calculation is carried out in the frequency domain, this method eliminates the influence of different gravimeter drifts on the determination of the calibration factor which highlights the advantage of this method. It should be noted that the setting parameters (including wave groups, tidal potential catalogue, etc.) in the harmonic analysis for both two gravimeters (LCR-ET20 and SG057) must be the same. According to the magnitude of the amplitude, the amplitude factors and their accuracies of the main waves are selected for calculation of the calibration factor. For example, the O1, K1 and M2 are selected in the calculation of the calibration factor; S1 and S2 are not selected because they are seriously affected by atmospheric effects, even though their amplitudes are relatively large enough.
The amplitude factors and their accuracies of the main waves selected for the gravimeter with a known calibration factor C known are denoted as y k ± Δy k , k = 1, 2, ..., n, and those for the gravimeter with an apriori calibration factor C apriori are denoted as x k ± Δx k , k = 1, 2, ..., n, where n is the number of main waves selected. The theoretical amplitude and observed amplitude of the k th main wave are A k theo and A k ob respectively. Because the two gravimeters are separated by a few meters, A k ob for these two gravimeters can be considered identical, we have
where S k is the ratio value of y k to x k . If C known and C apriori are accurate enough, S k should be or nearly be 1.0. Equation (1) shows the linear relationship between actual calibration factor C (to be determined) and C apriori , but only at the frequency band of the k th main wave, i.e., we have C k = S k · C apriori . In addition, it is assumed that the calibration factors at all tidal frequency bands are identical. Because C apriori is a constant, a mean C value is determined from the S k values at the frequency band of the k th main wave. In addition, because the estimated tidal parameters with small-amplitude tidal waves contain relatively large errors, only tidal waves with large amplitude are selected to compute C.
The simple mean value of S k is denoted as S, and is
However, we did not use the simple mean of Eq. (2). Rather, we used the inverted accuracy as the data weight. Specifically, the ratio of the reciprocal of the accuracy Δx k to the sum of the reciprocals of the accuracies for the selected n main waves is the weight of S k . Let the weight of S k be w k and the total weight be w, we have
The weighted mean S w is expressed as
By error propagation, the accuracy of S w , which is denoted as ΔS w , can be derived from Eq. (4).
With S w and ΔS w , the calibration factor C and its accuracy ΔC are computed (assuming C apriori is errorless) as
3. DetermInAtInG the CALIbrAtIon FACtorS oF LCr-et20 AnD SG057
Calibration Factor of the LCr-et20
The preliminary calibration factor of the gravimeter LCR-ET20 is given by the manufacturer based on the mechanical calibration factor of each circle of the reading wheel. It is given as of 0.15488 × 10 -8 m s -2 . Based on the mechanical calibration factor, the calibration factor of LCR-ET20 was determined at the Wuhan station as of (42.9185 ± 0.0043) × 10 -8 m s -2 V -1 . Because the mechanical calibration factor may have changed after several decades (Mao et al. 1989; Chen et al. 2003) , the calibration factor of LCR-ET20 should be re-determined using other references. In this paper, the Wuhan ITGRVs from three main waves O1, K1 and M2 (Xu et al. 2000) were used to calculate the new calibration factor with the method given in section 2. The ITGRVs at the Wuhan station are determined based on the comprehensive analysis of the tidal gravity observations obtained from eight instruments, including four LCR, one SG and three geodynamical gravimeters (Xu et al. 2000) .
The tidal gravity observations of LCR-ET20 at the Wuhan station that were used in the calculation are from August 20, 2008 to July 15, 2009. The tidal parameters of the main waves were obtained from the harmonic analysis by Eterna3.3, which is a standard software recommended by the International Center for Earth Tides (ICET) (Wenzel 1996) . The observed amplitude factors and their accuracies for three main waves O1, K1 and M2 are given in Table 1. For comparison, the ITGRVs are also listed in this table. According to Eq. (4), the mean S w is 1.001176 suggesting that the change of the calibration factor is around 1‰. Therefore, the new calibration factor and its accuracy are (42.9690 ± 0.1139) × 10 -8 m s -2 V -1 . It was found that the calibration factor has a very small change since LCR-ET20 was purchased in 1985.
LCR-ET20 was then re-installed at Lhasa in November 2009 to calibrate SG057. By checking its reading wheel performance, we confirm that, the move from Wuhan to Lhasa did not change the calibration factor of the LCR-ET20. Therefore, the newly determined calibration factor of the LCR-ET20 can be regarded as a known value to be used for determining the calibration factor of SG057.
Calibration Factor of the SG057
The latitude, longitude and height of SG057 are 29.6450°N, 91.0350°E and 3632.30 m, respectively. The data time span of SG057 is from December 8, 2009 to February 27, 2011 (447 days). The calibration factor of SG057 given by the manufacturer is the apriori calibration factor. The data recorded by LCR-ET20 at Lhasa has been calibrated by the newly determined calibration factor stated in section 3.1. The time span of the data is from November 27, 2009 to November 1, 2010 (321.4 days). The different data time spans are expected to have a small impact on the final calibration factor with regard to SG057 because the calibration is made in the frequency domain. The key point is to collect the longest records of data to produce the best harmonic analysis results. Again, Eterna3.3 is also used to estimate the tidal parameters. The observed amplitude factors and their accuracies from LCR-ET20 and SG057 for three main waves O1, K1 and M2 are shown in Table 2 . These amplitude factors are used to compute a new calibration factor of SG057.
With the result listed in Table 2 , the calibration factor of SG057 is determined to be (-77 (Meurers 2012) . This new calibration factor from the SG057 will be used for converting SG readings to gravity observations. This calibration factor will be submitted to the ICET for the Lhasa station.
tIDAL AmpLItuDeS AnD phASeS At LhASA wIth the CALIbrAteD SG057
With the newly determined calibration factor, the gravity observations of SG057 were obtained and pre-processed using TSoft software (Van Camp and Vauterin 2005) to remove spikes, steps, gaps, and anomalous values caused by earthquakes and other disturbances. The purpose of the pre-processing is to prepare the data for the harmonic analysis. The sampling interval of the pre-processed data was 1 minute, but the data were resampled into a 1-hour sampling interval because the interested tidal gravity waves have periods longer than one hour. The tidal analysis result of SG057 is given in Table 3 . In the analysis, the tidal potential catalogue developed by Tamura (1987) was used. Data filtering was also used to remove the long tidal gravity waves; and, the filter used in Eterna3.3 (name of the file: N60M60M2.NLF) has a cut-off frequency of 0.721499 cpd (cycle per day). Therefore, only the tidal components with frequencies larger than 0.721499 cpd were analyzed. In addition, the station air pressure effect was removed using a linear regression method, for which the atmosphere-gravity admittance is (-3.63335 ± 0.00762) × 10 -9 m s -2 hPa -1 . The standard deviation of the gravity residual is about 0.5 × 10 -9 m s -2 .
the GrAVImeter DrIFt oF SG057
To estimate the gravimeter drift of SG057, the synthesized gravity tide must be computed in advance. The synthesized gravity tide was computed using the tidal parameters listed in Table 3 and the theoretical amplitude factors for the long-period waves (the frequency band is from 0.0 to 0.721498 cpd) obtained from the Dehant-Defraigne-Wahr (DDW) earth tide model with a value of 1.1356 (Dehant et al. 1999) . The phase leads for all long-period waves are set to 0 degree. The gravity tide generating program of TSoft was used to compute the synthesized gravity tide. Figure 1 shows the synthesized gravity tide and the gravity residual before and after the station air pressure correction was applied. In Fig. 1c , the gravity residual becomes smoother and smaller after the correction with air pressure. This suggests that the local atmosphere pressure has a large influence on the raw gravity observations and must be considered when processing the data from SG057. In addition, the gravity pole tide should be removed from the gravity residual. The gravity pole tide (Fig. 2a) was computed using the theoretical amplitude factor of δ th = 1.16 as recommended by ICET (Dehant et al. 1999) ; and, the Earth's rotation parameters (polar motion and UT1) were from International Earth Rotation and References Service System (IERS).
The gravity change caused by the uplift near SG057 has been observed by the FG5-112 absolute gravimeter (Zhang et al. 2001) . The uplift causes gravity to decrease by 2 × 10 -8 m s -2 yr -1 from 1993 to 1999 (Fig. 3a) . Under the assumption that the gravity change rate at the Lhasa SG station is caused purely by the uplift, the drift rate of SG057 can be obtained from the gravity residual (Fig. 3b) . Because an exponential drift did not occur at the beginning of the installation, the gravimeter drift of SG057 was assumed to be linear (Fig. 3b) . With a linear fit to the gravity residual of SG057, the estimated gravimeter drift rate of SG057 is 6.8 × 10 -8 m s -2 yr -1 . This drift rate is very large compared to other SGs in the world. For example, Hwang et al. (2009) reported a drift rate of 0.2 × 10 -8 m s -2 yr -1 for SG048 at Hsinchu. The exact causes of the gravity change rate given in Fig. 3b will be a subject of future study.
When the gravimeter drift was removed, the gravity residual at Lhasa from December 2009 to September 2011 were computed and are shown in Fig. 4 . Figure 4 shows that the peak-to-peak amplitude of the gravity residual is about 8 × 10 -8 m s -2 , with a clear seasonal variation. The seasonal variation may be caused by the hydrological effect and will be investigated in future studies.
ConCLuSIonS AnD DISCuSSIonS
In this paper, the calibration factor of SG057 was determined for the first time using the frequency-domain approach. The newly determined calibration factor is (-77.7358 ± 0.0409) × 10 -8 m s -2 V -1 . Using the Wuhan ITGRVs, the newly determined calibration factor of SG057 will be consistent with the gravity observations at the Wuhan station. The standard deviation of the gravity residual is about 0.5 × 10 -9 m s -2 , suggesting that the noise level of SG057 is of the order of 10 -9 m s -2 . With the new calibration factor for SG057, the tidal parameters at the Lhasa station were computed (section 4). The synthesized gravity tide can provide accurate tidal gravity corrections for future gravity observations (from superconducting, absolute or relative gravimeters) in the Tibetan area.
With the gravimeter drift removed, the two-year gravity residual from SG057 shows a clear annual variation. More absolute gravity observations are needed to model the drift of SG057. The vertical displacement from continuous Global Positioning System (GPS) measurements can also be used to see the relationship between the gravity variation and the vertical displacement around SG057. The gravity variation caused by the uplift at the Lhasa station can be detected by SG057, but cannot be separated from the gravimeter drift without using other types of observations. 
